Abstract: Narrow-clawed crayfish, Astacus leptodactylus is a native European freshwater crayfish species, also distributed in Croatian freshwater systems belonging to the Black Sea drainage. Its taxonomical status is still in the process of change and discussion, and the data on morphological, molecular, ecological and zoogeographical characteristics of this species are scarce. Therefore, comparative analyses of morphological characteristics were applied with the aim to contribute to the knowledge on the morphometrical and meristical characteristics of A. leptodactylus. Recent research proved that measurements of a large number of morphometrical characteristics, in combination with multivariate statistical analysis, could provide a good instrument for identification and differentiation between populations. In this research altogether 143 animals were analysed (121 from two Croatian populations and 22 from Armenia). 22 morphometrical characteristics and 4 meristical characteristics, per crayfish, were measured. It was found that males and females differ between populations in measured meristical and morphometrical characteristics. None of recorded meristical characteristics proved itself to be reliable characteristic for distinguishing populations. From measured morphometrical characteristics the most discriminant characteristics for separating males from different populations were those describing carapace shape and for females those that describe shape of the claws.
Introduction
Astacus leptodactylus Eschscholtz, 1823 is one of five native European crayfish species within the family Astacidae, indigenous to the Ponto-Caspian Basin, including Armenia (Holdich 2002) , from where it has spread, naturally and by human translocations, into the majority of European countries (Holdich et al. 2006) . Narrow-clawed crayfish is also distributed in Croatian freshwater habitats (Maguire & Gottstein-Matočec 2004) . Its presence was officially recorded for the first time relatively recently (Maguire & Gottstein-Matočec 2004) . Comparing data on crayfish distribution from historical sources (Karaman S. 1929; Karaman M. 1961) and recent research (Maguire et al. 2006) , showed that the narrow-clawed crayfish is spreading from the east to the west and the south of Croatia displacing other native crayfish species -Astacus astacus (L., 1758) (Karaman M. 1961 (Karaman M. , 1962 and Austropotamobius torrentium (Schrank, 1803) (Entz 1914; Karaman M. 1961 Karaman M. , 1962 Maguire et al. 2006) . Its ability to push out other native crayfish species from their habitats, due to high fertility, aggressiveness, flexible activity pattern and fast growing, was already documented in literature (Stucki 1999) . At the same time alien invasive spiny-cheek crayfish Orconectes limosus (Rafinesque, 1817) that entered Croatian freshwaters on the east of Croatia, is displacing A. leptodactylus in its eastern area of distribution (Hudina et al. 2009 ).
Even though widespread, there is very little data published on the morphology, ecology, molecular phylogeny and zoogeography of this species (Holdich et al. 2006; Śmietana et al. 2006) . Narrow-clawed crayfish taxonomical status is not yet resolved and is still under discussion, so at the moment it is suggested to refer to it as to species complex with a strong recommendation to provide more morphological and genetic information which will help to establish its position within the European Astacidae (Śmietana et al. 2006) .
Research on crayfish morphometry in the past was mainly focused onto establishing features that differ between sexes or age classes (Grandjean et al. 1997; Streissl & Hödl 2002; Harlıoglu 2003; Güner 2006) . Morphometrical features were also used in population dynamic studies (Parkyn et al. 2002; Scalici et al. 2008 ), but generally small number of morphometrical characteristics per crayfish were analysed (Duman et al. 1999) .
Recent crayfish morphomerical characteristics research include larger number of morphometrical features per crayfish, that in combination with multivariate discriminant analysis, enable researchers to discover significant differences between populations of the same 492 I. Maguire & L. Dakić species as well as between species (Sint et al. 2005 (Sint et al. , 2006 (Sint et al. , 2007 .
Apart from application of morphometrical characteristics in distinguishing populations or species some authors also used crayfish meristical features (Karaman M. 1961 (Karaman M. , 1962 Füreder & Machino 2002; Harlioglu 2003) .
The aim of this research was to analyse morphometrical and meristic features of narrow-clawed crayfish from different populations in Croatia and Armenia, to determine if there are differences between the studied populations in recorded characteristics, and if so, which characteristic has the highest discriminate value. Results of this research will contribute to the knowledge on the morphology of narrow-clawed crayfish.
Material and methods
Three A. leptodactylus populations were included in this research: two from Croatia (the Sava River -45
• 15 59 N, 16
• 49 58 E, and the Mrežnica River 45
• 26 25 N, 15
• 30 25 E) and one from Armenia. Armenian crayfish were obtained from the fish market, and crayfish from Croatia were trapped with baited LiNi traps (Westman et al. 1978) that were left in the water overnight.
All individuals were sexed, and 22 morphometrical characteristics per crayfish were recorded. 21 characteristics were adopted from Sint et al. (2005) : claw length (CLL), claw width (CLW), claw height (CLH), length of the claw palm (CPL), length of the claw finger (CFL), rostrum length (ROL), rostrum width (ROW), head length (HEL), head width (HEW), areolar length (ARL), areolar width (ARW), abdomen length (ABL), abdomen width (ABW), abdomen height (ABH), telson length (TEL) and telson width (TEW), carapace width (CPW), width at the cervical groove (CGW), width of the carapace at the hind edges (CEW), carapace height (CPH) and total length (TL). Extra measurement included cephalothorax length (CEF) (from postorbital to postlateral edge). All the characteristics were measured with a digital calliper with a 0.01 mm precision. Bilateral characteristics (CEF, CLL, CLW, CLH, CPL and CFL) were measured on both sides, except when one side was injured or in the case of claws, regenerating.
All of the measured morphometrical characteristics were normalized for size by dividing them with the corresponding postorbital length (POL = HEL + ARL) (Sint et al. 2005) , because it is known that comparison of different sized animals could lead to incorrect explanations (Chambers et al. 1979; Palma & Andrade 2002) . Three additional measures were included into the analysis; two describing the shape of the carapace (POL/CPW and the lateral curvature of the carapace -angel α) (Sint et al. 2005 ) and one describing the claws (CLL/CLW).
Meristical characteristics were examined under a stereo microscope, and per each crayfish four recorded characteristics included: number of spines behind the cervical groove (BCG), number of spines on the merus of the third maxilliped (MTM), number of spines on the first abdominal pleura (ABP) and on the telson (TELZ). All the meristical characteristic were bilateral, and so recorded for both body sides (left -L, right -R). The presence of spines on the merus was recorded for its ventral side, and the position of spines was categorised as proximal (close to the basis, on the first half of the merus, marked with P), distal (away from the basis, on the second half of the merus, marked D) Fig. 1 . Description of parameters that were analyzed on the merus of the third maxilliped. or ubiquitous (along the whole length of the merus, marked U) (Fig. 1) . Also, for males the shape of the tip of the first gonopod and presence of the talon on the second gonopod were observed.
All the analysis (descriptive statistic, t-test, ANOVA, correlations, MDA) (Sint et al. 2005) were performed using statistical programmes Microsoft Excel and Statistica for Windows.
Results
Analysis included altogether 143 crayfish, of which 58 were females and 85 were males. The number of individuals per population is presented in Table 1 .
Meristics
All of the examined males had asymmetric tip of the 1 st gonopod and present talon on the 2 nd gonopod. To verify if bilateral meristical characteristics are distributed symmetrically on the crayfish body we put the data recorded for the left and the right body side into correlation. Results have shown that all the characteristics, for both males and females, were in a strong significant (P < 0.05) positive correlation. For males correlation values (r) were: 0.67, 0.82, 0.67 and 0.81 for BCG, MTMD, TELZ and ABP, respectively. For females correlation values (r) were: 0.63, 0.76, 0.63 and 0.87 for BCG, MTMD, TELZ and ABP, respectively. Therefore in further analysis only the right body side data were used.
Results of t-test showed that males and females differed in the number of spines on the first abdominal pleura (t = -2.65, P < 0.05; t = -2.25, P < 0.05; t = -2.14, P < 0.05, for populations from Armenian, Mrežnica and Sava, respectively) so in further analysis sexes were treated separately. 
Armenia
Mrežnica Sava
Explanations: Average values are given, with min.-max. values in brackets. In all the examined crayfish position of the spines on the merus of the 3 rd maxilliped was recorded on the distal part of merus (MTMD). Table 2 presents statistically described recorded meristical characteristics for males and females from the different populations.
Results of ANOVA showed that there were differences between populations in recorded meristical characteristics, for both males (F = 2.56, P < 0.05) and females (F = 11.49, P < 0.05) (Figs 2, 3) .
Results of post-hoc test (Bonferroni) indicated that for males significant difference exists in number of spines behind the cervical groove between population of Armenia and Mrežnica (P < 0.05) and in the number of spines on the abdominal pleura between population of Armenia and Mrežnica (P < 0.05) and also between Armenia and Sava (P < 0.05), while for females a significant difference exists in the number of spines on the merus of the 3 rd maxilliped between population of Armenia and Mrežnica, and Mrežnica and Sava, and in the number of spines on the abdominal pleura, the same as in males, between population of Armenia and Mrežnica and Armenia and Sava.
Finally, to verify if there is any connection between body size and meristical characteristics, we put into correlation, for each population and sex separately, total crayfish length and recorded meristical characteristics. The results showed that there is no significant correlation between male's TL and recorded meristical characteristics in any population, but for females significant correlations were found within the Mrežnica population. Positive significant correlation was established between TL and number of spines behind the cervical groove (r = 0.45, P < 0.05), and weak negative but still significant correlation was found between TL and number of spines on the 3 rd maxilliped (r = -0.35, P < 0.05).
Morphometry
To verify if bilaterally measured characteristics are distributed symmetrically on the crayfish body, we put into correlation morphometrical data taken for the left and the right body side.
All the characteristics showed high positive significant correlation values (r) between the left and the right side for both males (0.99, 0.99, 0.94, 0.99, 0.96 and 1.00 for CLL, CFL, CPL, CLW, CLH and CEF, respectively) and females (0.99, 0.97, 0.97, 0.96, 0.92 and 1.00 for CLL, CFL, CPL, CLW, CLH and CEF, respectively). So in the further analysis right body side data were used.
Results of t-test showed that males and females differed significantly in measured morphometrical characteristics describing mainly claws and abdomen, therefore in further analyses sexes were analysed separately. The obtained results were expected, because freshwater crayfish are known to show sexual dimorphism after attaining maturity that is seen in allometrical growth of males' claws and abdomens in females (Streissl & Hödl 2002) .
Results of ANOVA showed that there are significant differences in measured morphometrical characteristics between populations for both males (F-value = 3.8, P < 0.01) and females (F-value = 3.1, P < 0.01).
Results of post-hoc test (Bonferroni) indicated that for males significant differences exist in CLLR between Sava and Armenia (P = 0.019), in CLWR between Armenia and Sava (P = 0.003), and Sava and Mrežnica (P < 0.001), in ROL between Armenia and Mrežnica (P = 0.01), in HEW between Armenia and Mrežnica (P = 0.002), and Armenia and Sava (P = 0.002), in CGW between Armenia and Sava (P = 0.047), in ABL between Armenia and Mrežnica (P < 0.01), and Armenia and Sava (P = 0.01), in TEL between Armenia and Mrežnica (P < 0.01) and Armenia and Sava (P = 0.025), and in TL between Armenia and Mrežnica (P < 0.01).
Results of post-hoc Bonferroni test showed that for females significant differences exist in CLLR between populations from Armenia and Mrežnica (P = 0.046), in CEFR between populations from Armenia and Mrežnica (P = 0.001), in ROL between populations from Armenia and Mrežnica (P < 0.01), in HEW between populations from Armenia and Mrežnica (P < 0.01), in CGW between populations from Armenia and Mrežnica (P < 0.01), in ABL between populations from Armenia and Mrežnica (P = 0.001), and Armenia and Sava (P = 0.001), and Sava and Mrežnica (P < 0.01), in TEL between populations from Armenia and Mrežnica (P = 0.006), and Armenia and Sava (P = 0.004), in TL between populations from Armenia and Mrežnica (P < 0.01) and Mrežnica and Sava (P = 0.038).
To get better differentiation of populations, based on measured morphometrical characteristics, multivariate discriminant analysis was applied.
From the selected morphometrical data sets stepwise method single out the characteristic(s) that makes the most significant contribution to the discrimination. For males the most important character was carapace curvature (angle α) (loading in discriminant function 1 = -7.573), followed by ratio POL/CPW (loading in discriminant function 1 = 5.972) and TEW (loading in discriminant function 1 = 4.067), but the loading factors for other characters were also high (Table 3) . For females the most important character was CLWR (loading in discriminant function 1 = -2.827), followed by CLLR (loading in discriminant function 1 = 2.416), CLLR/CLWR (loading in discriminant function 1 = -1.669) and TL (loading in discriminant function 1 = 1.041), with the rest of loading factors being high as well (Table 4) .
To visualise the results of the analysis we produced scatterplots for the two discriminant functions for males (Fig. 4) and females (Fig. 5) . For males the first discriminant function discriminate to some extent all three crayfish population, while the second discriminant function seems to provide some discrimination between the Armenia and the other two populations which have mostly negative values for the second canonical function (Fig. 4) . As the first discriminant function is marked by high negative loadings for carapace curvature (angle α), HEL, TEL and ARL and high positive loadings for POL/CPW, TEW and CEW (Table 3) we may say the smaller the values of angle α, HEL, TEL and ARL are, more likely the crayfish belongs to the Mrežnica population, the higher the values of POL/CPW, TEL and ARL are, more likely the crayfish belong to the Sava population. We can explain in the same manner discrimination for the second discriminant function between Armenian and Croatian populations; the higher are the values of CLWR, POL/CPE and TEW the bigger is the chance that crayfish belongs to the population from Armenia, if the values of ARL, TL or CLHR are smaller crayfish probably belongs to the Croatian populations. For females the first discriminant function discriminate to some extent all three populations, while the second discriminant function discriminate Armenia's fe- males from the Croatian populations (Fig. 5) . As the first discriminant function is marked by high negative loadings for CLWR, CLLR/CLW, CEW and CFLR (Table 4) we may say that the smaller the values of CLWR, CLLR/CLW, CEW or CFLR are, less likely the crayfish belongs to the Mrežnica population, and more likely they belong to the Armenian population. The second discriminant function is characterized with high positive loadings for CLWR, carapace curvature (angle α) and TEL, and negative loading for CFLR, so if female's values for CLWR, carapace curvature (angle α) and TEL, are high, female probably belongs to the population from Armenia, if values of CFLR are low, most likely female belongs to Croatian populations. The number of correctly classified cases for both males and females was high (Table 5) .
Discussion
Narrow-clawed crayfish presents a species complex (Holdich et al. 2006) , its taxonomy and nomenclature are still unclear and under discussion (Śmietana et al. 2006) , and there is a require for further scientific research of this species (Holdich et al. 2006; Śmietana et al. 2006 ).
Meristics
Meristial characteristics were already used in distinguishing different populations of crayfish species (Karaman M. 1961 (Karaman M. , 1963 Maguire et al. 2003) . In this research four meristical characteristics were analysed. Up to our knowledge the number of spines on the telson (TELZR) hasn't been used before, and our results showed that TELZR is not a good character to be used in separating populations because it did not differ significantly between populations. Number of spines behind the cervical groove (BCGR) was described in Karaman M. (1961 Karaman M. ( , 1963 as variable within and between populations of A. leptodactylus. Our results showed that this characteristic could be used to distinguish males belonging to different geographically distant populations, but for females this characteristic showed to be size dependent, and as such not recommended in separating populations. We found that the number of spines on the merus of the third maxilliped (MTMDR) in studied A. leptodactylus populations is in accordance with numbers recorded by Karaman M. (1961 Karaman M. ( , 1963 . This characteristic did not appear to differ significantly between males from different populations but for females it again showed significant correlation with the body size, and so it does not seem to be reliable as a character for separating different populations. Dependence of number of spines on the ischium of the third maxilliped to body size of A. leptodactylus was already recorded (Harlioglu 2003) . In his work Harlioglu (2003) concluded that the different number of spines on the ischium of 3 rd maxilliped cause a different cutting edge, and therefore variations in the food choice of narrow-clawed crayfish. We may presume that the same rule applies for the merus as well. Results of this research showed that number of spines on the abdominal pleura (ABPR) seems to be a good characteristic for distinguishing geographically distant populations, but as this characteristic showed sex dependence we would not recommend it for separating populations.
Morphometry
Research on the morphological features of A. leptodactylus are scarcely presented in literature (Smietana et al. 2006) , those existing are mainly focused on detecting the differences between sexes (Burba et al. 1999) , correlating the female size and fecundity (Stucki 1999; Kalmikov 1999) , studying the size distribution and growth within populations (Stucki 1999; Alekhnovich et al. 1999) , and using obtained morphometrical data in aquaculture (Alexandrova 1999; Matinfar 1999) .
When morphological data were used with the aim of describing the differences between populations, a small number of morphometrical characteristics were used (Sokolsky et al. 1999) , and therefore the power of discriminating populations was rather weak (Sint et al. 2007 ). On the other hand, Sint et al. (2005 Sint et al. ( , 2006 Sint et al. ( , 2007 were able to distinguish different freshwater crayfish species populations by applying detailed morphometry.
Therefore, in the present study, for the first time large A. leptodactylus morphometric measurements data sets from different populations were taken with the aim to analyse them by the multivariate discriminate method, which has proven to offer a good tool to investigate differences between populations of the same species as well as of different species (Saila & Flowers 1969; Chambers et al. 1979; Sint et al. 2005 Sint et al. , 2006 Sint et al. , 2007 or to be used in developmental and evolutionary studies (Klingenberg 2002) .
The results of the present study showed that differences in recorded morphometrical characteristics exist between populations, for both males and females, reflecting geographical distance, which is similar to observations made by Sint et al. (2005) for other crayfish species. Discriminant analysis permitted relatively good distinction (separation) between geographically distant populations (Armenian vs. Croatian) and less distinctive discrimination between geographically close populations (Croatian populations) (Figs 4, 5) . Likewise was found by Sint et al. (2005 Sint et al. ( , 2007 in their research on Austropotamobius pallipes (Lereboullet, 1858), Austopotamobius torrentium and Astacus astacus. The overall percentage of correctly classified cases (crayfish) in our study was higher than recorded in research by Sint et al. (2005) , but similarly we also found a higher percentage of correctly classified females compared to males.
An additional similarity (analogy) with Sint et al. (2005 Sint et al. ( , 2007 research is that males differed in more morphometrical characteristics than females. Our results indicate that in future studies it is important to comprise into comparative analysis male carapace shape (angle α and POL/CPW), because their loadings in the discriminant analysis were the highest (Table 3) . As for females, the most important characteristics, with the highest loading in the discriminant analysis (Table 4) , that should be included into analysis, are measurements of claws (CLWR and CLLR). Characteristics describing carapace shape and claws were already pointed out as important for populations discrimination (Sint et al. 2005 (Sint et al. , 2006 (Sint et al. , 2007 .
Recorded morphometrical differences between studied populations could be consequences of differences in their genome. Some studies on fish and crayfish have shown that morphological differences between populations are consequence of genetical differences between them (Pakkasmaa 2001; Sint et al. 2005; Baric et al. 2005 a, b) . However, they can also be a consequence of the animals' phenotypical plasticity. Animals do adapt to the local conditions in their environment, as was shown in studies by Grandjean & Souty-Grosset (2000) and Sint et al. (2005 Sint et al. ( , 2006 on freshwater crayfish or by Imre et al. (2002) on freshwater fish. As Swain & Foote (1999) pointed out phenotypical differences between populations could be a sign of their extended separation and beginning of a differentiation, and therefore research of morphological differences between populations is appropriate for short-term effects analyse.
Nevertheless, differences in morphology between populations of the same species could also be a consequence of a mutual action of both genetic and environmental mechanisms (Jerry & Cairns 1998) .
As a conclusion we may say that comparative analysis of morphometrical characteristic developed by Sint et al. (2005) seems to be applicable on narrow-clawed crayfish as well, and disriminant analysis is a good tool for distinguishing populations. It is an inexpensive and non harmful method that can be easily applied in the field. Future research should include narrowclawed crayfish from a wider area of its distribution, and parallel molecular phylogenetic research should be conducted.
